The integration of microstrip patch antennas with photovoltaics has been proposed for applications in autonomous communication systems for building façades. Full integration was achieved using polycrystalline silicon solar cells as both antenna ground plane and direct current power generation in the same device. This paper provides an overview of the proposed photovoltaic antenna designs and characterises the variation of the electromagnetic properties of the device with temperature and solar radiation. Measurements for both copper and solar antennas are reported on three different commercial laminates with contrasting values for thermal coefficient of the dielectric constant.
Urban mobile cellular communications use an increasingly large number of limited-range building-mounted antennas operating at low power. The installation of microcell antennas on buildings often requires expensive and time-consuming retrofitting of electrical supply cables, which can lead to concern over visual amenity, vandalism and maintenance. Photovoltaic (PV) powered microcell transceivers with integrated batteries offer a high inherent reliability and are unsusceptible to grid-supply interruptions. Vertical façade PV panels for building integration are designed usually with a flat external profile (Zacharopoulos et al., 2000; Mondol et al., 2005) which allows integration with planar antennas. The integration of polycrystalline silicon (poly-Si) solar cells with planar microstrip antennas in building façade with appropriate solar exposure for applications in autonomous communications systems reduces the marginal cost of use of solar energy, thereby improving its economic viability due to (i) the dual-function integration nature of the application and (ii) the elimination of the capital cost of cables and the recurrent cost of grid-supplied electricity.
Microstrip patch antennas (MPA) have been used extensively for both the simplest and most demanding microwave applications; they are inexpensive to manufacture, conformable, lightweight and mechanically rugged. Their behaviour is relatively simple to predict (Garg et al., 2001; Herscovici, 2008) . A rectangular MPA, as illustrated in Fig. 1 consists of a very thin square shaped metallic radiating patch on one side of a dielectric substrate, with a continuous metal layer bonded to the opposite side acting as ground plane for the radiofrequency (RF) signal. MPA are planar structures manufactured usually on common circuit board laminates (Harper, 2003) . The particular MPA discussed in this paper is fed by an inset microstrip line connected to a coaxial connector at the edge of the structure, as shown in Fig.1 .
Early interest in combining antennas with PV panels was in satellite communications, where antennas and solar cells compete for the same scarce surface area. The first technique used was to place solar cells directly onto microstrip patch antennas, avoiding the effective fringing electric fields region (Tanaka et al., 1996) . It was found that although the area immediately surrounding the antenna patch should be avoided, solar cells could be co-located with the antenna patch itself and the dielectric substrate. In an innovative approach, standard Si solar cells were used underneath a metallodielectric reflect-array of printed crossed-dipoles for a horn-reflector antenna (Zawadzki et al., 2003) . As thin amorphous silicon (a-Si) technology on polymer substrates developed, an increased level of integration was achieved with the possibility of cutting the cells to fit into complex geometries like slot antennas (Vaccaro et al., 2003) . Other attempts to integrate solar cells with antennas have studied the feasibility of using the conductive contacts of monocrystalline silicon (mono-Si) solar cells as the radiating elements for a GPS (Global Positioning System) and GSM (Global System for Mobile) vehicular antenna (Henze et al., 2004) .
The feasibility of using poly-Si solar cells as the ground plane for inset-fed microstrip square patch antennas has been examined on a single 156mm x 156mm cell (Shynu et al., 2009 ) under ambient room light intensity and temperature (293 K, 1.4 W m -2 ). Experimental results suggested it was viable to use a poly-Si ground for a microstrip patch (PV antenna) as illustrated in Fig.2 , when compared with the conventional square patch antenna with copper ground plane shown in Fig.3 . The microwave substrate covers an area of only 5.5% of the solar cell area and the measured solar cell efficiency with the antenna integrated was found to be 12.3%. This novel low cost method of integration does not require laser cutting or complex RF-DC decoupling arrangements in the feed.
Antennas incorporated into building façades will experience diurnal temperature variations. It is necessary to determine how antenna properties change as its substrate materials undergo thermal expansion with temperature. The dielectric constant can be sensitive to temperature and thus shift the frequency of operation.
The aim of this paper is to characterise the change in performance of PV antennas when subjected to temperature changes due to solar radiation. The study compares experimental device performance for microstrip patch antennas printed on three commercial laminates with different thermal coefficients of the dielectric constant, for both the solar prototypes and conventional antennas with copper ground plane. Based on a cavity model approximation (Garg et al., 2001) , the fundamental resonant frequency of the rectangular patch with a thin substrate as presented in Fig ( 1) where c o is the speed of light in free space. Analyses are available that introduce the effects of the substrate height (d sub ), the patch width (W), and the copper thickness (d cu ) (Garg et al., 2001) . Changes in the dielectric constant of the laminate affect the resonant frequency of the patch antenna as given by
Eq.
(1). This may limit the use of the device within a limited temperature range, and is especially critical in outdoor applications. The laminate characteristics are presented in Table 1 . Laminates with an absolute value of T CK' < 60 10 -6 K -1 are considered to be stable with temperature.
 d sub , the height of the substrate, as illustrated in Fig. 1 . A thicker substrate will increase the radiation efficiency, and improve the impedance bandwidth, but also presents a greater risk of surface wave excitation.
 d cu , the thickness of the copper cladding deposited on the substrate of the laminate as depicted in Fig.1 ; typical values are 0.035mm or 0.017mm.
Fundamentals of microstrip antennas
Microstrip antennas are inherently narrowband, with typical bandwidths in the range of 1-4% of the centre frequency, though it can be increased (Pozar, 1995; Herscovici, 2008) . These antennas are in general half-wavelength structures operated at their fundamental or first resonant mode TM 10 as given by Eq. (1).
The "polarization" of an antenna refers to the polarization of the wave it radiates/receives. It describes the orientation of the electric-field vector oscillation when observed in the plane perpendicular to the wave's direction of travel. Circular or elliptical polarizations are possible for patch antennas (Balanis, 1997) but for simplicity the proposed antenna polarization is linear. Although any continuous shape is possible for the patch, the simple rectangular geometry is used most widely.
Feeding technique
A coaxial cable with characteristic impedance (Z o ) of 50 Ω (Pozar, 1998) is the most widespread transmission line used to feed an antenna. Many different configurations can be used to connect the feed to the microstrip patch (Zürcher et al., 1995) . An inset microstrip line was chosen to feed the antenna in order to avoid piercing the cell; furthermore it can be printed on the same laminate and offers flexibility in impedance matching by controlling the inset position. In this work, the dimensions of patch and the inset feed were optimized using the time-domain solver of the integralequation based electromagnetic simulator CST Microwave Studio (CST, 2009).
3.2. Impedance matching, microwave reflection coefficient and operational frequency band Efficient radiation/reception requires an antenna to have the correct dimensions to resonate at the incoming signal's frequency and to provide a good impedance match. An antenna is connected to a transmitter or to a receiver using a coaxial cable or a microstrip transmission line.
The antenna input impedance (Z i ) can be defined as the ratio between the RF voltage and current at the antenna terminal and it is frequency dependent. In order for maximum power transfer between transmission line and antenna, the characteristic impedance of the transmission line (Z o ) must equal the antenna input impedance, otherwise a fraction of the signal will be reflected.
The reflection coefficient (Г) (Balanis, 1997) is given by,
A perfect impedance match is achieved by Г=0, when Z i =Z o . In this case, the power transmission between the antenna and the line is maximum. The worst impedance match is given by Γ = -1 or 1, corresponding to a short or an open circuit as the load impedance. At microwave frequencies, the reflection coefficient is commonly expressed in dB and known as the "S 11 [dB] " as in Eq. (3),
For an antenna to be matched sufficiently to its input transmission line, S 11 [dB] < -10dB, i.e.,  <0.3163, must be fulfilled. Then less than 10% of the incident signal is reflected. The range of frequencies for which this occurs is known as the impedance bandwidth.
Radiation pattern and gain
The antenna radiation pattern is a graphical representation of the relative strength of radiated power in the far field sphere surrounding the antenna, as a function of space coordinates (Balanis, 1997) . Fig. 4 shows the typical three dimensional (3D) radiation patterns in spherical coordinates for a half-wave rectangular patch excited in its fundamental mode. It can be observed that, directivity is maximum along the z-axis (theta = 0º) and minimum behind the groundplane. The antenna gain refers to the directive gain of the antenna in the direction of maximum radiation. This value varies in the region of 3-7 dBi for a single patch, depending on the geometry and losses of the structure, specifically the dielectric losses of the substrate (tan δ). Although such variations can be observed in Table 2 , measurements show the shape of the PV antenna radiation pattern is essentially the same as that of ideal patch antenna. In the analysis of the performance of the PV antennas with temperature variation due to solar radiation only the parallel orientation of the front contacts with respect to the radiated field as presented in Fig. 2 has been considered, because it provides the best gain performance.. Vector Network Analyzer, which was used to measure S 11 (i.e., microwave reflection coefficient as defined in Eq. (3)) over a 30 minute insolation period. Fig. 7 shows the variation of the antenna operational bandwidth in form of microwave reflection coefficient (S 11 ) for both copper and PV based antennas. Results are presented for the patch on FR4, RF45 and Ro4003 dielectric substrates.
The measured results are summarized in Table 2 where f o (GHz) denotes the original resonant frequency of the evaluated device just before illumination (time = 0 min in Fig.7 ). The reduction in resonant frequency seen when the copper groundplane was replaced by the poly-Si groundplane was caused by an increase in effective dielectric constant for the patch. Although there was a shift in the resonant frequency with change in illumination, as shown in Fig. 7 and Table 2 , the bandwidth (BW) remained stable.
The gain values presented in Table 2 were measured through standard RF antenna measurement procedures (Balanis, 1997) in an anechoic chamber. The slight drop in gain and increase in bandwidth observed when the solar cell replaced the copper ground plane can be attributed to the increase losses of this inhomogeneous ground plane (hybrid combination of silver front contacts, silicon and aluminium layer). The change in resonant frequency with temperature during 30 minutes continuous exposure to 1000 W m -2 insolation is also displayed in Table 2 . This difference is presented both as an absolute value in MHz and also as a percentage of the original f o. . In a laminate with a positive T CK' , the substrate's r  will increase with temperature and the resonant frequency decreases.
The variations observed in S 11 for both copper and PV based antennas (Table 2 and for the material properties presented in Table 3 . Fig. 8 shows the FR4 based antenna's temperature variation during 30 minutes exposure to 1000 W m -2 insolation. Good agreement between measurement and simulation was achieved in general. However, only reasonable agreement was achieved for the rear side of the PV antenna, due to the presence of small air gaps present in the bonding of the solar cell to the mechanical rear support.
The measured temperature for the front of the radiating patch in the copper antenna as shown in Fig. 8(a) , reaches 327.55 K, whereas the patch in the PV antenna ( Fig. 8(b) 
Conclusions
The feasibility of using poly-Si solar cells as ground plane for common inset-fed microstrip square patch antennas is demonstrated. The performance of the PV antenna was similar to the ideal conventional antenna with a copper ground plane but with a slight decrease in gain and increase in bandwidth. Because the microstrip is low-profile, it provides a promising and low-cost method of integration of PV and antennas for applications in autonomous communications systems in building façades.
The performance of the proposed structure with 30 minutes exposure to incident radiation of 1000 Wm -2 is presented for three commercial laminates (Ro4003, FR45 and FR4) with different thermal coefficients of the dielectric constant was undertaken.
The radiating patch in the PV antenna was found to reach slightly higher temperatures due to the presence of the solar cell than would a conventional microstrip patch antenna with copper ground plane. However, the solar antenna resonant frequency showed similar sensitivity to temperature variation as the corresponding copper prototypes. This shows that the performance of a microstrip patch under temperature stress is dependent mainly on the thermal stability of the dielectric substrate.
The PV ground plane in the proposed structure therefore does not degrade significantly the antenna performance compared to a conventional antenna.
In order to avoid changes in the operational frequency and consequential performance [3] 393 [3] 390.00 [3] 0.50 [5] 0.035 10 -3 [4] FR4 1900 [3] 840 [5] 0.23 [3] 0.65 [5] 1.600 10
Poly-Si solar cell 2330 [1] 712 [1] 148.00 [1] 0.70 [2] 0.259 10 [6] in-lab measurement. 
